One sentence summary: Characterization of a newly isolated magnetotactic bacteria and optimization of magnetosome production using statistic experiment design and magnetic measurements. Editor: Robert Gunsalus
INTRODUCTION
Magnetotactic bacteria (MTB) strains of Magnetospirillum within the Alphaproteobacteria are considered model organisms for magnetite magnetosome biomineralization. Among a group of Magnetospirillum strains, so far only four strains (M. magnetotacticum strain MS-1, M. magneticum AMB-1, M. gryphiswaldense MSR-1 and Magnetospira sp. QH-2) have been well described (Blakemore, Maratea and Wolfe 1979; Matsunaga, Tsujimura and Kamiya 1996; Schüler and Baeuerlein 1996; Zhu et al. 2010; Lefèvre et al. 2012; Bazylinski et al. 2013) . Because the biotechnological applications of magnetosome magnetite have been widely considered in nanomaterial for magnetic separation, cancer detection, magnetic targeting hyperthermia, toxic metal bioremediation and even in fields such as magnetic sensors and magnetic memory (Matsunaga et al. 2007; Faivre and Schüler 2008; Staniland et al. 2008; Alphandéry et al. 2011; Prozorov et al. 2013) , cultivation and characterization of new MTB strains from nature environments are desirable. Efforts on the cultivation of MTB suggest that magnetosomes synthesized by different MTB strains are diverse; thus, they may have specific utilization in various domains (Yang et al. 2001; Heyen and Schüler 2003; Zhang et al. 2011; Silva et al. 2013) . In the present study, we combined response surface methodology (RSM), an efficient mathematical and statistical experimental strategy, to define the optimal medium composition and the best productive conditions at certain prerequisite (Dejaegher and Vander Heyden 2011) , and of rock magnetic measurements (RMM) to cultivate and characterize the novel isolated Magnetospirillum sp. XM-1. The corresponding biomineralization process was further monitored by using a combination of transmission electron microscopy (TEM) and RMM methods.
MATERIALS AND METHODS

Isolation and cultivation of Magnetospirillum sp. XM-1
The surface sediment samples were taken from the city moat of Xi'an, Shaanxi, China (34
• 15 10.00 N, 108
• 55 13.41 E). The detailed physical and chemical parameters of the water and sediment have been elaborated in Wang et al. (2013) . Live MTB were enriched by bar magnets and was transferred into several sterilized glass capillaries for magnetic purification (Wolfe, Thauer and Pfennig 1987) . Purified cell suspension was directly plated onto a magnetic spirillum growth medium (MSGM) agar plate. After 10 days of anaerobic incubation at 28
• C in an anaerobic chamber (ShangHai CIMO Medical Instrument Co. China), several round-shaped colonies with a dark brown color formed and were suspended in liquid MSGM medium for further analyses and stock.
Phylogenetic analysis of 16S rRNA gene sequence
One microliter of cultivated bacteria suspension was used for 16S rRNA gene amplification . Purified PCR products ligated with the pMD19-T vector were transferred into DH5α competent cells. After 15 hours incubation at 37
colonies were selected randomly and sequenced. All sequences were checked and analyzed by the Blastn program on the NCBI website. Then representative sequences were aligned using ClustalW program with other typical MTB 16S rRNA genes selected on the NCBI database (Thompson, Higgins and Gibson 1994) . The phylogenetic tree was constructed using the MEGA version 6.0 by neighbor-joining method with bootstrap repeated 1000 times (Tamura et al. 2013) .
TEM analysis
Approximately 20 μL of cell suspension and 5 μL of isolated magnetosome suspension were transferred onto carbon-coated copper grids, respectively. Cell morphology, magnetosome structure, energy dispersive X-ray spectroscopy (EDXS), fast Fourier transform (FFT) pattern and selected area electron diffraction (SAED) pattern analyses were performed by a JEM-2010 electron microscope (200 kV) (JEOL, Japan).
Rock magnetic and ferromagnetic resonance measurements
Fresh whole cells were collected by centrifugation at 8000 rpm 10 min at 4
• C, and the cell pellets were immediately trans- Moskowitz, Frankel and Bazylinski (1993) . Ferromagnetic resonance (FMR) measurements were performed with a JEOL ESR FA-200 spectrometer at a microwave frequency of 9.0 GHz at room temperature.
Optimizing cell growth and magnetosome production
We used single factor experiments to select the best components and concentration ranges of carbon, nitrogen, sulfur and iron sources within the culture medium after 96 hours incubation. Plackett-Burman experimental design and central composite design (CCD) were used for the RSM tests (Dejaegher and Vander Heyden 2009) . The responses, i.e. saturation magnetization (magnetite production), saturation magnetization per dry weight (magnetite productivity) and coercivity, were analyzed by analysis of variance (ANOVA). In order to generate a uniform combined model, we mathematically merged the three responses into one response, named Desirability (Myers and Montgomery 2002) . Contour maps of the model for the combined response were generated from Design-expert (version 8.0).
Batch cell culture and pH-static fermentation
Batch cell cultures were grown within 4 L optimized culture medium in 6-L screw-sealed glass bottles with optimized parameters. For pH-static culture, the cells were grown in a 7-L fermenter (BioTECH, Shanghai, China) with 4.5 L liquid medium. Before fermentation, effects of different yeast extract contents in optimized medium were tested. Then, optimized medium (with yeast extract) was used for evaluation of cell growth and magnetosome production. Fermentation was maintained at 30 • C and the pH was kept constant at 7.2 by automated supplementation of 0.5 M HCl. Filter-sterilized air and nitrogen gas with per-mixed ratio of 1:10 and an initial airflow of about 0.05 L min −1 was used in the culture system and the dissolved O 2 was maintained below 1%. Agitation was set at 100 rpm after 12 h static growth. During the cultivation, 50 ml of cell suspension was sampled for TEM, cell growth and RMM tests at different time interval.
Cell density and nutrients consumption
The cell growth curve was monitored by absorbance measurements at 600 nm (OD 600 ). The pH value of the culture medium was measured by a Mettler Toledo Delta 320 meter (MettlerToledo Greifensee, Switzerland). The concentrations of nutrient components in the culture mediums were measured after removing all the cells by centrifugation and filtrating with a 0.22-μm filter. Specifically, the concentration of succinate within the medium was measured according to the succinate kit procedure (Megazyme, Ireland) and detected by a microplate reader (SpectraMax i3, Molecular Devices Corporation, USA). Nitrate and total iron were measured using a DR2800 Spectrophotometer (HACH, Loveland, Colorado, USA) and powder pillows detection kits (HACH, Loveland, Colorado, USA) based on the cadmium reduction method and FerroMo method, respectively, according to the manufacturer's instructions.
RESULTS
Isolation, cultivation and phylogenetic lineage
Dark, single colonies with round shape formed after 10 days growth of magnetically separated MTB cells on solid agar plates under anaerobic condition at 28 • C. Optical and electron microscope checks showed that these isolated cells were 1-5 μm vibrioid-to-helical shaped ( Fig. 2A and G) . Phylogenetic analysis of 16S rRNA genes showed the newly isolated MTB, tentatively named XM-1, belonged to the family Rhodospirillaceae of the class Alphaproteobacteria (Fig. 1) .
Characterization of magnetosome produced by strain XM-1
TEM observations show that XM-1 synthesizes a single intact chain with 10 magnetosomes per cell on average with mean size and shape factor of 43.7 nm and 0.85, respectively ( Fig. 2H  and I ). High-resolution TEM (HRTEM) observations reveal that magnetosomes are truncated, octahedral magnetite (i.e. slightly elongated cuboctahedrons) ( Fig. 2B-E) . The EDXS, SEAD pattern and lattice space data from the isolated magnetosomes indicate magnetite (Fe 3 O 4 ) composition of the XM-1 magnetosome ( Fig. 2F and Fig. S1 , Supporting Information). The FMR spectrum of XM-1 cells has two shoulders at 160 and 291 mT (Fig. 3A) . The spectral parameter B eff and g eff are 360.53 mT and 1.78, respectively. The line width B FWHM is measured as 190.56 mT, and B are 34.5 and 156.8 mT for the low-field and high-field absorption, respectively. The asymmetry ratio A is 0.221. (Fig. 3C) . The FORC diagram (Fig. 3E) is nicely characterized by a rather narrow distribution around H c,FORC ∼38 mT along the horizontal axis, so-called central ridge distribution for non-interacting magnetosome chains (Egli et al. 2010) . Both FC and ZFC thermal demagnetization curves of SIRM 10K˙2.5T show drops in remanence between 90 and 112 K, and the calculated T v , δ FC , δ ZFC and δ-ratio were 98 K, 0.147, 0.039 and 3.8, respectively (Fig. 3B) . The cross of IRM acquisition and demagnetization curves is 0.47 (Fig. 3D) , showing a very weak magnetic interaction.
RSM medium optimization
A total of 11 factors were determined by single factor experiments by cell growth and magnetosome content. Their influences on magnetite production, productivity and coercivity were scanned using a Plackett-Burman design (Tables S1 and S2 , Supporting Information). High coercivity values usually indicate larger grain sizes of magnetite or longer chain configuration or both in whole cells. NaNO 3 , sodium succinate and ferric citrate are determined to be the most significant factors on the three analyzed responses, whereas, for other components, the final concentrations are defined by their specific positive or negative contribution to each response even though they are not significant (see factors in Table S1 , Supporting Information, with asterisks).
Results of the CCD experiment factors and ANOVA results calculated from the combined response are shown in Fig. 4 and Tables S3-S5 (Supporting Information). The optimal concentrations for the three factors derived from the model are 17.32 mM for NaNO 3 , 20.18 mM for sodium succinate and 2.13 mM for ferric citrate, which is template named as XM-C medium. With the XM-C medium, we got magnetite production, magnetite productivity and coercivity of 0.13 mAm 2 /L, 0.65 mAm 2 /g and 30.01 mT, respectively. The result agreed well with the model prediction values (see Table S6 , Supporting Information). We also compared the results using MSGM and enhanced MSGM culture medium with the optimal growth medium in 1 L sealed glass bottles. The results showed that the optimal process conditions significantly increased nearly 5-fold regarding the cell yield and magnetite production of strain XM-1. 
Growth, magnetosome production and nutrients consumption
As shown in Fig. 5A , magnetite production (saturation magnetization per liter) increased dramatically at exponent phase of cell growth, and showed a similar pattern as the cell growth curve, indicating that the magnetite crystallization rate during the exponent phase was correlated with the cell reproduction rate in optimized batch culture conditions. Notably, the pH of the culture medium increased during growth, corresponding to the consumption of succinate, nitrate and total iron (Fig. 5B) . In order to further examine the magnetosome production, the growth in a pH and oxygen stat 7 L fermenter was carried out. Single factor experiment was preformed on different concentrations of yeast extracts added into the optimized culture, and 1.6 g/L yeast extracts showed the highest cell and magnetosome yields then defined as XM-C-YEx. Surprisingly, in a pH static fermenter, the cell growth increased to a maximum point (0.37 g/L cell dry weight, 7.1 mg/L magnetosome dry weight) within 48 h growth (Fig. 5C ).
DISCUSSION
Specific environments are usually dominated by MTB of related metabolism preference (Lins et al. 2007; Lin and Pan 2010; Lefèvre et al. 2012; Lin et al. 2013; Chen et al. 2015) . Despite the studied strain XM-1 showed a 99% 16S rRNA gene similarity with strain AMB-1, the newly isolated strain synthesizes ∼10 magnetite magnetosomes arranged in a single magnetosome chain and has an optimal growth temperature 4
• C higher than AMB-1 s (Yang et al. 2001) . Strain XM-1 also prefers higher iron and nutrients concentration, which benefits both cell yield and magnetosome production compared with AMB-1 (Matsunaga, Tsujimura and Kamiya 1996; Yang et al. 2001) . It is assumed that the eutrophic city moat may endow strain XM-1 the ability to tolerate and adapt to high nutrients concentration compared with other magnetotactic spirilla isolated from oligotrophic water areas. However, strain XM-1 only showed slight differences in magnetic properties compared with other studied strains, e.g. MS-1, Figure 4 . Contour diagrams from the model that generated with the results of the CCD set-up. For the combined response, named desirability was obtained by merging magnetosome production, magnetosome productivity and coercivity results mathematically. (A-C) show the contour plots for the concentrations of sodium succinate and NaNO3 (ferric citrate at 2.13 mM), ferric citrate and NaNO3 (sodium succinate concentration at 20.18 mM), and ferric citrate and sodium succinate (NaNO3 at 17.32 mM), respectively. MSR-1 and QH-2, within the same genus, indicating that in general the synthesis of magnetite magnetosomes within these magnetotactic spirilla is mostly biologically controlled through clusters of magnetosome genes (Kobayashi et al. 2006; Faivre and Schüler 2008; Carvallo et al. 2009; Zhu et al. 2010; Komeili 2012; Li and Pan 2012; Siponen et al. 2013) . For evaluation of magnetite magnetosome production, we used the magnetic parameter of saturation magnetization per liter of whole cells. We measured the whole cells and magnetosome dry weights and their saturation magnetization (M s ). Both cell and magnetosome dry weight exhibit a very good linearity (Fig. 6 , R M s , suggesting M s as a good proxy for cell growth and magnetosome production. Thus, we can estimate the magnetosome mass from magnetic measurement with only a small amount of cells through the theoretical magnetite saturation magnetization (92 mAm 2 /g) (O'Reilly 1984) . Based on M s , we estimated the final magnetosome production at optimal culture as 1.44 mg, which is close to the actual weight of 1.39 mg. In contrast to M s , B c , which is independent of concentration, is mainly related to the magnetic domain state (size) and particle interaction of magnetosomes (Pan et al. 2005; Carvallo et al. 2009; Li et al. 2009) . Therefore, we propose that rock magnetic parameters are useful proxies to evaluate magnetite magnetosome both qualitatively and quantitatively, and thus could be considered as a uniform standard approach for magnetosome production assessment. Although magnetite magnetosome production in fermentation system increased nearly 20-fold compared with cultivation using MSGM and enhanced MSGM culture media, the cell and magnetosome dry weight per liter was still not very high in comparison with that of strain MSR-1 and MV-1 (Zhang et al. 2011; Silva et al. 2013) . One possible explanation is that the combined response is not representing the desirability of the analyst. For example, the optimization results in a large increase in magnetite magnetosome production, while only a limited influence on the responses coercivity is seen (Dejaegher and Vander Heyden 2009 ). Alternatively, the newly isolated MTB may not have completely acclimated to laboratory conditions. In future research, precise oxygen flow control and nutrient feedback should be considered to improve the magnetosome productive ability in a fermentation system as well.
Nucleotide sequence accession numbers
The sequence data were submitted to the DDBJ/EMBL/GenBank databases under accession numbers KP966105.
